Background: Acute stress may trigger atrial fibrillation (AF), but the underlying mechanisms are unclear. We examined if acute mental stress results in abnormal left atrial electrophysiology as detected by more negative deflection of P-wave terminal force in lead V 1 (PTFV 1 ), a well-known marker of AF risk.
INTRODUCTION
Changes in atrial structure (eg, atrial remodeling) are thought to precede the development of atrial arrhythmias and provide the necessary substrate for arrhythmia occurrence. 1 Accordingly, left atrial abnormalities detected on the 12-lead electrocardiogram (ECG) have emerged as an area of exploration, as these metrics are thought to represent underlying atrial pathology that predisposes to atrial arrhythmias, such as atrial fibrillation (AF). 2 P-wave terminal force in lead V 1 (PTFV 1 ) is easily computed on the routine ECG and defined as the duration (milliseconds) times the value of the depth ( V) of the downward deflection (terminal portion) of the median P-wave in lead V 1 . Abnormal PTFV 1 values detect persons who have underlying left atrial fibrosis, dilation, and elevating filling pressure. [2] [3] [4] Risk factors for abnormal PTFV 1 are similar to AF risk factors (eg, diabetes, hypertension, and smoking). 5 Accordingly, this well-known left atrial abnormality has been associated with an increased risk for the development of AF. [5] [6] [7] [8] Additionally, PTFV 1 is associated with an increased risk for ischemic stroke, 5, 9, 10 and the association between PTFV 1 and stroke is independent of AF. 5 The aforementioned findings highlight the importance of PTFV 1 to better characterize AF risk, and possibly identify patients who are high risk for cardiac thromboembolism and/or have subclinical AF.
Mental stress is associated with decreased AV nodal refractoriness and conduction time, 11 suggesting a role for mental stress to promote the occurrence of atrial arrhythmias. This is supported by studies that have implicated psychological stress as a risk factor for AF. [12] [13] [14] [15] However, studies have not examined the influence of mental stress on left atrial electrophysiology, as measured by PTFV 1 . Therefore, we hypothesized that acute mental stress results in more negative deflection of PTFV 1 , a well-known marker of left atrial electrophysiology. Such a finding would provide support for a link between acute mental stress and AF. Furthermore, it would suggest that the evaluation of left atrial abnormality on the routine ECG in persons during acute stress may help characterize at-risk populations for stressinduced AF.
METHODS

Study population
Patients who had high-quality digital ECGs from the mental stress and myocardial ischemia after myocardial infarction (MI): sex differences and mechanisms (MIMS) study and the Mental Stress Ischemia Mechanisms and Prognosis Study (MIPS) were included in this analysis. 16, 17 Both studies examined mental stress-induced myocardial ischemia in patients with coronary heart disease (CHD) with identical assessment measures, but with different study goals. MIMS examined sex differences in mental stress-induced myocardial ischemia in 300 patients 60 years of age or younger with MI within 8 months of enrollment. MIPS examined the prognosis and underlying mechanisms of mental stress-induced myocardial ischemia in 695 patients aged 30-80 years with known stable CHD. Study participants underwent two one-day single-photon emission computed tomography imaging studies (one with mental stress and one with exercise or pharmacological stress) within one week of each other; the order of the two sessions was balanced. The day prior to stress testing, either mental stress or physiological, anti-ischemic medications (eg, betablockers, long-acting nitrates) were withheld. The study protocol was approved by the Emory University Institutional Review Board and all participants provided written informed consent at the time of enrollment. This analysis included a total of 422 participants who had good quality digital ECG assessments performed during mental stress testing.
Mental stress procedure
Details of the protocol used to induce mental stress in each study participant have been previously described. 17, 18 Study participants were asked to perform a standardized public speaking task to induce mental stress after 30 minutes of rest. Each subject was asked to imagine a real-world situation in which a close relative was being mistreated in a nursing home. Subsequently, they were asked to make up a realistic story of this scenario and given 2 minutes to prepare a speech. They were then given 3 minutes to recite this speech in front of a video camera and an audience wearing white coats.
Detailed physiological response data, including blood pressure, heart rate, and ECGs, were obtained at rest, during stress, and during recovery.
ECG measurements
Ten-second 12-lead digital ECGs were obtained at 25 mm/s paper speed by trained technicians with GE MAC 5,000 electrocardiographs using standardized procedures. ECGs were obtained at a sampling rate of 1,000 Hz and 32 bits per sample. All filters in the ECG machines were disabled to provide unfiltered measurements. ECGs were transmitted electronically to a core laboratory at the Epidemiological Car- Digital 12-lead ECG tracings were obtained after 30 minutes of relaxation (rest), 2 minutes after starting the speech stress, and 5 minutes after the speech (recovery). The ECG leads remained attached during the entire protocol to preserve comparability between tracings. PTFV 1 was defined as the duration (milliseconds) times the value of the depth ( V) of the downward deflection (terminal portion) of the median P-wave in lead V 1 , and this measure was automatically measured in each ECG (Fig. 1) . The waveforms required to compute PTFV 1 were P ' dur and P ' amp , and these parameters were shown to have a 94% agreement rate when compared with manual scoring. 5 
Patient characteristics
Detailed characteristics, including demographic information, anthropometric measurements, medical history, and medication history, for each patient included in this study were obtained by a research nurse.
Age, gender, race, smoking history, household income, and educational attainment were self-reported. Smoking was defined as the current or former use of cigarettes. Household income was dichotomized at $20,000. Education as dichotomized at "high school or less" versus "some college or more." Diabetes and hyperlipidemia were defined by self-report and also verified by medical record review. Resting blood pressure was obtained for each participant during the resting phase of stress testing, and systolic and diastolic blood pressure values were used in this study. Similarly, heart rate was obtained by pulse assessment. Body mass index was defined as the weight in kilograms divided by the height in meters squared. The use of cardiovascular medications (eg, statins, aspirin, beta-blockers, and angiotensin converting enzyme inhibitors) was self-reported and verified by the research nurse. Prior MI and heart failure were defined by self-reported history and medical record review that indicated clinically apparent conditions were present in the past and not at the time of mental stress testing. Heart failure was categorized as present independent of ejection fraction (eg, reduced vs. preserved). Severity of coronary artery disease was assessed by the Gensini score.
Statistical analysis
Baseline characteristics were compared by the presence of left atrial abnormality (PTFV 1 values ≤ −4000 V*ms) on the resting ECG. Categorical data were compared using the chi-square test, and the Student's t-test was used for continuous data. The baseline characteristics also were stratified by original study participation (MIMS vs. MIPS).
Mean PTFV 1 values were computed during the rest, stress, and recovery periods for the entire cohort. The mean values of PTFV 1 during stress and recovery were compared with rest values using the Student's t-test (H 0 : change in PTFV 1 = 0). Additionally, the percentages of participants who had left atrial abnormality during stress and recovery were compared with those at rest. A secondary analysis that excluded participants with baseline left atrial abnormality was performed to determine if the change in PTFV 1 was dependent on the presence of this abnormality at baseline. We also examined if the change in PTFV 1 during stress and recovery was dependent on hemodynamic response (change in heart rate and blood pressure) using a linear regression model adjusted for age, sex, race, baseline PTFV 1 , and original study participation (MIMS vs. MIPS). A similar linear regression model was used to determine if change in PTFV 1 during stress was dependent on baseline characteristics (age, sex, race, diabetes, smoking, body mass index, prior MI, heart failure, physical-induced myocardial ischemia, mental stress-induced myocardial ischemia). A secondary analysis also was performed for change in PTFV 1 by study participation (MIMS vs.
RESULTS
Of the 422 patients (mean age = 56 ± 10 years; 61% men; 44% white) participants, 233 (55%) were from the MIMS cohort and 189 (45%) from the MIPS cohort. A total of 127 (30%) had left atrial abnormality at rest. The baseline characteristics for the entire sample, and for those with and without left atrial abnormality at rest, are shown in Table 1 .
The baseline characteristics stratified by original study participation are shown in Table S1 . *LAA defined as PTFV 1 values ≤ −4000 V*ms. CI = confidence interval; PTFV 1 = P-wave terminal force in lead V 1 ; LAA = left atrial abnormality; SD = standard deviation. in PTFV 1 is depicted in Figure 3 . The change in PTFV 1 was not dependent on heart rate or blood pressure responses during stress or in recovery, and these data are shown in Table S2 .
A larger percentage of participants showed left atrial abnormality on ECGs obtained during stress (n = 163, 39%) and recovery (n = 142, 34%) compared with rest (Table 2 ). When we excluded participants with baseline left atrial abnormality (n = 127), PTFV 1 was more negative with stress (mean change = −564, 95% CI = [−769, −360]; P < 0.001) and during recovery (mean change = −220, 95% CI = [−410,
−31]; P = 0.023) compared with rest (Table 2) . Additionally, 67 (23%) patients developed a new left atrial abnormality who did not have a baseline abnormality.
When we examined if baseline characteristics were associated with PTFV 1 change during stress (Table 3) , female sex was associated with a more negative mean change (−381 V*ms in PTFV 1 ; P = 0.032) compared with men. A history of heart failure was also associated with a more negative mean change (−715 V*ms in PTFV 1 ; P = 0.0058) than those without heart failure. Other characteristics examined were not associated with PTFV 1 change during stress. Similar changes in PTFV 1 were observed in both MIMS and MIPS participants (Table S3 ).
DISCUSSION
The findings of this analysis provide evidence that acute mental stress results in adverse changes in PTFV 1 and the development of left atrial abnormality on the 12-lead ECG in persons with CHD.
Women and patients with heart failure were more susceptible to these adverse changes. Overall, these data suggest that acute mental stress transiently alters left atrial electrophysiology, and possibly promotes adverse electrical atrial remodeling.
Several reports have implicated PTFV 1 in the pathogenesis of AF. [5] [6] [7] [8] The likely link between PTFV 1 and this common arrhythmia is the detection of abnormal atrial remodeling that provides the necessary substrate for AF, as more negative PTFV 1 represents underlying left atrial fibrosis, dilation, and elevated filling pressure. [2] [3] [4] However, to our knowledge, prior reports have not examined if acute changes in PTFV 1 are possible. Additionally, we are the first to provide evidence that acute mental stress results in more negative deflection of PTFV 1 and the development of left atrial abnormality. Potentially, repeated exposure to mental stress results in enduring atrial remodeling, providing the proarrhythmic substrate necessary for AF. This is supported by the fact that more negative deflection of PTFV 1 is associated with AF, [5] [6] [7] [8] and several reports have linked psychological stress to an increased risk of AF. [12] [13] [14] [15] The pathophysiology that links mental stress with abnormal left atrial electrophysiology is unknown. Decreased AV nodal refractoriness and conduction time have been observed with exposure to acute mental stress. 11 Therefore, the findings of the current study possibly are related to differences in autonomic tone, as parasympathetic blockade reduces P-wave duration. 21 Additionally, women and patients with heart failure were more likely to experience adverse changes in PTFV 1 during mental stress. Women are more susceptible to mental stress-induced myocardial ischemia than men, 16 and this condition possibly plays a role to influence PTFV 1 in women who are exposed to mental stress. Heart failure patients also have increased left atrial remodeling and stiffness, and this presumably is due to higher left ventricular filling pressure and backflow across the mitral valve. 22 Therefore, it is possible that higher left atrial filling pressures explain the more negative deflection of PTFV 1 with mental stress, as increases in left atrial volumes correlate with abnormal PTFV 1 . 3 Furthermore, we observed a more pronounced decrease in PTFV 1 after excluding those with baseline left atrial abnormality (mean change in PTFV 1 :
−564 vs. −348). This possibly is due to the fact that those with abnormal PTFV 1 values have a lowered responsiveness to autonomic tone. 23 Although we offer several explanations for the observed findings, the exact mechanisms are unknown and further research is needed to explain our findings.
Recent data have supported a role for psychological stress as a risk factor for AF. 12, 13, 15 Data from the Framingham Offspring Study have implicated tension, anger, and hostility as risk factors for AF in males. 12, 13 Additionally, persons with AF have higher levels of selfreported perceived stress than those without the arrhythmia. 15 Furthermore, negative emotions have been shown to trigger symptomatic AF in patients who have a history of the arrhythmia. 14 Despite numerous studies that have established several risk factors for AF, the pathophysiology that predisposes patients to its development in stressful situations has yet to be fully elucidated. This analysis provides evidence that acute mental stress alters left atrial electrophysiology and provides a pathophysiological link for the findings of prior reports.
Our findings provide initial evidence for potentially reversible biomarkers of AF risk on the routine ECG, which may allow for the better characterization of at-risk populations for stress-induced AF. Additionally, the role of psychological stress as a risk factor for AF, and subclinical ECG markers for its development, represent a novel area of research that possibly will improve our understanding of the pathogenesis of this arrhythmia. Furthermore, interventions that are able to reduce stress and its effects on left atrial electrophysiology may play a role in the prevention of AF and its complications.
This study should be interpreted in the context of certain limitations. All patients included in this study had documented evidence of CHD at the time of study enrollment. CHD is a well-known risk factor for AF, 24 and it is possible that similar changes in PTFV 1 will not be observed for patients who do not have underlying atherosclerosis.
Change in PTFV 1 was measured with mental stress testing, and further study is needed to determine if such changes occur with standard physical stress testing (eg, exercise or pharmacological). We were unable to determine the underlying mechanisms that link acute mental stress with changes in PTFV 1 and further research is needed to understand our findings. Specifically, change in PTFV 1 with mental stress possibly is related to left atrial size or diastolic parameters obtained on routine echocardiographic assessment. We were unable to explore if the observed findings were related to these anatomic parameters as detailed echocardiograms were not obtained in the cohort examined.
Additionally, we were unable to link changes in PTFV 1 during acute mental stress with AF development, as the occurrence of AF was not a primary endpoint of the MIMS or MIPS studies. Nonetheless, this study
is the first to demonstrate that changes in PTFV 1 during acute mental stress occur, and future studies are needed to link these changes with clinical outcomes.
In conclusion, this analysis provides evidence that acute mental stress promotes adverse changes in left atrial electrophysiology, as measured by PTFV 1 on the 12-lead ECG. Further research is needed to determine the underlying mechanisms that explain our findings, and also to determine if these changes result in an increased risk for AF.
